This Digest concerns passive tubular daylight guidance systems (TDGS), the most commercially successful method of daylight guidance. TDGS were introduced some 20 years ago and thus now may be considered a mature technology. They are now manufactured in large numbers worldwide and installed in a wide range of building types. This Digest summarises the research effort on the devices themselves, design methods for, and economics of, the systems, and their relationship with the buildings they light.
TDGS are a more expensive method of delivering daylight to building interiors than windows and conventional roof-lights but have the capacity to deliver daylight into areas of deep-plan buildings which the latter cannot. TDGS are of the order of 50% more expensive than electric systems which deliver similar levels of illuminance. The largest market sector for TDGS is user-owned domestic buildings, and there is anecdotal evidence of high user satisfaction in this sector. TDGS are now installed in many working environments such as offices, light industry and health care buildings. Research has shown that the light delivered via guides to working environments is recognised by users as daylight, and there is evidence that user satisfaction improves with increased quantities of daylight delivered. A daylight penetration factor (DPF) approaching 2% is suggested as providing a 'well day-lit space' which favourably influences user well-being and productivity. The use of small conventional vertical windows to supplement TDGS enhances user satisfaction due to external view which permits detection of weather and diurnal illuminance variation.
There are a number of methods of illuminance distribution prediction within rooms in a building lit by a TDGS. These vary in sophistication depending on the available photometric data and the accuracy required. They include 'first principles' illuminating engineering calculation processes; 'rules of thumb'; methods based on tabulated transmission tube efficiencies and a utilisation factor calculation; and spacing criteria for regular arrays of guides to give a uniform distribution of daylight. Two pieces of specialist software which permit the analysis of daylight delivered to interiors by TDGS of various configurations are publicly available.
There has been research on the thermal properties of TDGS. Heat loss depends on length, diameter and insulation properties of the guides, and steady-state heat loss to the exterior of a building via TDGS may be estimated using published U values. Similarly, published solar gain factor data may be used to estimate heat gain via TDGS. Generally, the thermal performance of a building equipped with TDGS compares well with that of a similar building lit using conventional windows or roof-lights. TDGS potentially offer paths for spread of fire within buildings. A number of design techniques and devices, such as fire stopping and fireproof ducts, may be used to prevent spread of fire between building compartments via TDGS. Buildings equipped with TDGS present no greater risk of surface spread of flame or propagation of fire between buildings than buildings equipped with conventional lighting systems.
Introduction
Daylight is the preferred light source in buildings. This is due to factors related to its fulfilment of human needs and consequent beneficial effects on human well-being and performance. Concern about energy conservation and environmental protection has also led to a reappraisal of the use of daylight as an electric lighting substitute. Conventional windows or atria have only a limited capacity to deliver daylight into deep-plan building forms. However, the recent development of new highly efficient optical materials has made possible 'daylight guidance' technology which permits redirection of daylight into areas of buildings that cannot be lit using conventional glazing. This Digest concerns tubular daylight guidance systems (TDGS), the most widely used method of daylight guidance.
Daylight guidance systems are linear devices that channel daylight into the core of a building. They comprise a light transport section with, at the outer end, some device for capturing natural light and, at the inner end, a means of distributing the light within the interior. The light collection devices are usually located at roof level enabling light from the zenithal region of the sky to be gathered. Alternatively, light may be gathered from a device mounted on the building facade. Zenithal openings allow intensive use of daylight but may cause glare or overheating due to penetration of direct solar radiation. The quantity of solar flux entering through a fac¸ade-mounted collector depends on orientation and season as well as aperture size, and these systems are more likely to be influenced by external obstruction than zenithal systems. Collectors may be either mechanical devices that actively focus and direct daylight (usually sunlight) or passive devices that accept sunlight and skylight from part of, or the whole of, the sky hemisphere. The transport element is usually a tube lined with highly reflective silvered or prismatic material or may contain lenses or other devices to redirect the light. Light is distributed in an interior by output components, commonly luminaire-like diffusing or refracting devices.
This Digest concerns passive zenithal TDGS. These consist of a clear polycarbonate or acrylic dome which also provides weather protection; rigid or flexible light transport tubes coated with a reflective material; and light output devices made of either diffuse opal material or an array of Fresnel lenses. These are by far the most commercially successful type of daylight guidance and are manufactured and installed in large quantities worldwide. They are marketed under a number of names including 'daylight tubes', 'sunpipes', 'tubular skylights', 'tubular roof lights' or 'sun tunnels'; their advertised benefits being the delivery of ' natural light' to interiors and potential for the substitution of this for electric lighting. Their largest market is user-owned domestic buildings where typically a single guide lights a living or ancillary space. The systems are also installed in large numbers in office, industrial and health care buildings where they contribute to the lighting of a working interior. In these applications, a good visual environment for employees is a major factor in a safe and productive workplace.
TDGS were introduced some 20 years ago and thus now may be considered a mature technology. This Digest summarises the research effort on the devices themselves, design methods for, and economics of, the systems, and their relationship with the buildings they light.
Summary #1: Daylight guidance technology redirects daylight into core areas of buildings that cannot be lit using conventional glazing. They comprise a device for capturing light, a transport section lined with a highly efficient optical material and a means of distributing the light within the interior. This Digest concerns passive tubular daylight guidance systems (TDGS), the only commercially successful method of daylight guidance. The next section describes the components of the systems and their performance characteristics.
TDGS components

Collection devices
When daylight falls on an unobstructed horizontal surface from the full sky hemisphere, light from various directions will intercept a collecting surface in proportion to the area it presents to the incoming rays. The proportion of the global incident light actually collected is a function of the portion of the sky 'seen', that is, on the cone of acceptance of the incident area (dependant on its construction and geometry) and its orientation. If acceptance is over the full hemisphere, all light is processed, but if acceptance is within a 1208 cone facing the zenith, some 82% of light from a CIE overcast sky is collected. If the surface is tilted 308 from the vertical on an azimuth exposed to direct sun, this value reduces to 73%. 1 The optical processes that take place during the passage of light through the dome at the upper end of the guide collector result in light loss, with typical transmittance values of 0.9 for a clean condition. 2, 3 Modifications to the basic collector system include laser cut panels (LCPs) which redirect LRT Digest 2 371 light down the axis of the transport element and reflectors usually known as 'light scoops' to intercept low elevation direct sunlight. LCPs are formed by cutting an acrylic panel so as to produce an array of transparent rectangular elements (Figure 1(a) ). These deflect incident light by refraction and total internal reflection, the angle at which the light is deflected being twice the angle of incidence on the panel. They were first used for passive zenithal daylight guidance systems by Edmonds et al. 4 and are estimated to add about 5% to the cost of a TDGS. The overall effect of a LCP is an increase in the amount of light collected at low solar elevations (examples quoted suggest by up to 50% during winter months) but reductions of the order of 10% at high solar elevations. In other words, the addition of LCP tends to level the amount of light collected throughout the day and year in locations for which they are particularly applicable, namely those with a high probability of long sun hours. Under skies that are predominately overcast, their use will cause a slight reduction in light transmitted. There appears to be no commercial application of LCPs offered by vendors.
Light scoops, located inside the collector dome, intercept direct sunlight and deflect it into the transport guide. A commercially available example is illustrated in Figure 1 (b). Figure 2 summarises the likely increases in light collected by insertion of the scoop relative to a guide opening covered only by a clear dome. It plots values of a multiplier, a function of solar azimuth and altitude, which is then used to adjust the amount of light gathered by a collector of similar size but not equipped with a scoop. Note that Figure 2 is configured for the northern hemisphere, but the data applies in reverse for the southern hemisphere. These data are for the collector only and do not account for any additional efficiencies of light transfer down the guide due to collimation. It is clear that the scoop has the effect of increasing the luminous flux collected by a factor of up to two under clear sky with sun conditions, depending on solar elevation and azimuth. This suggests that, like LCPequipped collectors, they are suited to locations with a high probability of long hours of sun from elevations less than 608 -typically in latitudes above 358. There have been no studies of the effects of scoops on the amount of light collected from overcast skies, but Figure 2 can be used to make some inferences. As in the case of clear sky conditions, light coming from the southern and zenithal portions of a diffuse sky vault will be collected and directed into the guide, but light coming for the horizon on the northern side of the vault will be blocked. However, the bulk of the light that is blocked comes from low on the northern horizon, and is light that might not be collected by a clear dome if it is outside the acceptance angle. Given this, it is possible to speculate that under perfectly diffuse sky conditions, at worst, the performance of a light scoop will be on a par with a clear dome, but given the ability of the scoop to improve low-angle/ horizon light collection, it might modestly improve daylight collection.
Some manufacturers offer an additional clear polycarbonate barrier between the collector and the top of the light transport guide, in some cases this being a lens which directs light axially down the guide. A further function of these barriers is to lower condensation risk by improvement of thermal performance.
Light transport
Rigid aluminium hollow mirrored light guides are used in the vast majority of commercially available passive zenithal daylight systems. These use multiple specular reflections at the inner wall to transmit light. Overall light transmission is a function of the surface reflectance of the mirror, the luminous intensity distribution of light entering the system and the proportions of the tube in terms of the 'aspect ratio' of length to diameter (L/D). If the light paths are long compared with the axial length of the guide, the number of reflections is large and thus light losses depend to a great extent on the reflectance of the wall material. The performance of the guide is thus highly sensitive to the reflectance of the mirror material with variations of as little as 0.1% causing noticeable changes in transmission. Commercially available guides now generally use reflecting materials based on polymeric multi-layer optical stacks and have a specular reflectance of the order of 99.6%. The multiple thin film layers of transparent dielectric material create a tuned interference stack that in aggregate produces the high reflectivity for a wide range of incident angles. The availability of these materials has greatly increased the distances over which light transmission is economic in comparison with the 95% reflectance materials used in the first generation of guides. Table 1 shows examples of overall guide transmittance of straight circular cross section guides for a range of aspect ratios.
In order to pass through roof spaces, zenithal light guides may need to be diverted around structural elements or other objects by means of bends. These will reduce the transmittance of the light guides depending on the severity of the bend and the surface reflectance of the mirror. Table 2 shows likely magnitudes of losses for circular cross section bends of various angles for guides lined with 95% and 99.6% material. It shows that the use of 99.6% reflective material greatly improves bend performance. Because of likely losses in bends, designers of the first generation systems were generally restricted to areas in buildings where straight guide only could be used. 5 The introduction of the higher reflectance materials means that avoidance of bends has become less critical for the design of an economic system.
Alternatives to rigid guides are flexible transport elements consisting of metallised polyester film covered with aluminium foil stretched over a spring steel skeleton. These have the advantage over rigid guides of easier installation in obstructed roof spaces. Whilst the specular reflectance of the lining material may be up to 90%, the irregular internal surface of the concertina-type guide shape means that the effective reflectance for the whole guide is considerably reduced. Measurements by BRE indicate that for a 350-mm straight flexible guide of L/D of 6.8, the guide transmission is of the order of 8%. 6 Inspection of Table 1 suggests that this is greatly inferior to that of a rigid guide (lined with 99.6% reflective material) of similar size which is of the order of 97%. Thus, any design decision to take advantage of the ease of installation of flexible systems must be weighed against the considerably higher light losses when compared with a modern rigid system.
Prismatic materials offer a technical alternative to mirrored surfaces in the light transport part of a guide. They consist of a tubular structure in which light is totally internally reflected from a prismatic dielectric surface which traps the light and redirects it down the length of the guide. Prismatic light guides have been made possible by the production of precision optical materials made from acrylic or polycarbonate that have a 908 prismatic ridge structure on the exterior surface. These materials when used in guides with prisms orientated parallel to the axis transmit light by the process of total internal reflection providing that the incident light does not exceed 27.58. Irregularities in the film cause a small proportion of light to exceed the maximum angle and leak out of the guide, an effect that can make the guide glow and act as a light source. Because of the narrow range of incident angles required, prismatic light guides are particularly suited to use in electric remote source systems. 7 Prismatic materials have been used in custom-made daylight zenithal systems equipped with active light collection but are not used in passive zenithal systems in the volume production commercial and residential market. 
Output devices
There are two main types of commercially available output devices. The most common is a polycarbonate circular flush or domed diffuser made of opal or prismatic material of diameter corresponding to that of the light guide. Some manufacturers offer a flush toughened glass alternative. One manufacturer offers a polycarbonate Fresnel lens which gives a view of the sky up the guide. The alternative is a 600-mm square device which fits into standard suspended ceiling systems. These are connected to a 530-mm mirrored guide via a double glazed transition box. The light is distributed within the building interior by either flush mounted diffusers or 6Â6 array of Fresnel lenses. Figure 3 shows exterior and interior views of typical TDGS.
Some output devices include a second clear 'double glazing' sheet to increase thermal resistance and to lower the condensation risk. Shutter systems, located either within the guide or output device, which block unwanted light are also available.
Summary #2: TDGS collectors consist of a clear polycarbonate dome at roof level which captures of the order of 80% of global illuminance when mounted horizontally. They are suitable for use in all latitudes. For locations where sunny condition predominates above 358 latitude, collectors may be enhanced by the addition of devices which intercept low elevation direct sun. Rigid aluminium hollow mirrored guides transport light using multiple specular reflections at the inner wall. Overall light transmission depends on surface reflectance of the mirror and the proportions of the tube in terms of length to diameter. Guide performance is highly sensitive to the reflectance of the mirror, and commercially available guides use materials having a specular reflectance of the order of 99.6%. Guides having a specular reflectance less than 99.6% or non-rigid guides are unlikely to prove satisfactory in use. Guides may include bends and will reduce overall guide transmittance depending on the severity of the bend and the surface reflectance of the mirror. To ameliorate their effects, designers should route guides so as to minimise bends and specify guides lined with 99.6% specular reflectance material. Commercially available output devices are either opal or prismatic polycarbonate circular flush or domed diffusers or, alternatively, a diffusing or lensed square device which fits into standard suspended ceiling systems.
Photometry
The size of a complete TDGS is generally measured in metres, and each system is uniquely tailored to the individual application and/or the building into which it is fitted. Thus, the methods of photometry required for a complete TDGS consisting of collector, transport element and output device differ markedly from those applicable to more conventional interior light sources and pose a number of problems. The first is that only a limited number of specialist photometers capable of accepting large size components exist. 8 This is a concern because TDGS are manufactured worldwide and the necessary specialist photometric facilities may not be available locally. The second problem is specification of suitable standardised light sources. In their absence, natural skies, although unsatisfactory for this purpose, must be used. The third, and most fundamental problem is that complete TDGS are made up of a 'kit of parts' -components each having a defined optical purpose. The general approach is to treat each element separately for photometry purposes whist acknowledging that in any system made up of a combination of parts, the optical There has been a considerable research effort over the last decade to establish the flux transmission efficiency of the TDGS 'kit of parts' by experimentation based on either laboratory rigs or actual installations. Although the details differ, the general method has been to use the sky as a source and to measure, variously, external illuminance in defined planes (usually horizontal) at the input end, and flux emitted at the output end using a photometric integrator or goniophotometer. Some of the work has been based on a series of measurements for selected external conditions (usually overcast or blue sky/sun), but others used data logging systems to record both external and internal conditions for periods of weeks or months. Early studies tended to be 'case specific' in relation to guide and room details. 9, 10 In later work, a range of components were tested including bends and output devices. 2, 11 There is a limited amount of published work on measured luminous intensity distributions from commercially available output devices of which Figure 4 is an LRT Digest 2 377 example. A semi-empirical expression for luminous intensity distribution from flat diffusing output devices has been put forward. 12 The influence of sun position and pipe geometry on luminous intensity distributions has been investigated, but it was concluded that there is no generalised method of accounting for this. 13 A number of the experimental programmes described above have been developed into more general design methods for prediction of illuminance levels at defined points in an interior lit using a TDGS. [12] [13] [14] All use the concept of daylight penetration factor (DPF) which is the illuminance received at a point indoors via a light guide expressed as a percentage of the global exterior illuminance. Ray-tracing software has been used to investigate light transport inside a straight guide and to investigate luminance patterns on a flat diffusing output device. 15 The latter work also includes a comprehensive bibliography on photometry and design methods.
Although many of the above methods share features in common, they are essentially ad hoc responses to the problem of TDGS photometry. The CIE 'performance indices' method is the only promulgated standard photometry system to date. 16 The method acknowledges that given the worldwide manufacture and use of TDGS, the necessary specialist photometric facilities may not be available locally and also that these systems are commonly specified and installed by non-lighting specialists for which a simpler method of performance evaluation may be appropriate. The method permits design information to be produced in a standard format. A standard source consisting of a diffusing material illuminated by tubular fluorescent lamps as illustrated in Figure 5 is used. This must fulfil a luminance uniformity requirement when viewed from the guide window. For a given configuration of TDGS, the illuminance (E) is measured at the input window (and hence the input flux). The output flux (È out ) is measured by an integrating sphere or by a scanning photometer, and hence the efficiency of the component is determined. To minimise costs, the method recommends testing of a limited number of aspect ratios and use of interpolation and extrapolation to obtain approximations for other values. The same Figure 5 . Standard source used in the CIE Report 173 photometry system apparatus can be used for bends and output devices.
Most manufacturers' published guidance concerned with the design or specification of TDGS is notionally derived from photometric data. It should be noted that, with few exceptions, manufacturers' literature does not state the photometry system used.
Summary #3: TDGS pose unique problems in photometry due to their size, lack of specialist photometers and light sources, and their modular nature. Research has established the flux transmission efficiency of individual TDGS components by experimentation, but many of the results are 'case specific' to the component tested. Other work has established flux transmission efficiency for bends and output devices, and luminous intensity distributions from commercially available output devices have been published. The CIE 'performance indices' method is the only standard photometry system published to date. This method permits the flux transmission efficiency of the TDGS components to be determined to a standard format based on a standard source. Manufacturers' published guidance concerned with the design or specification of TDGS is notionally derived from photometric data. With few exceptions, manufacturers' literature does not state the photometry system used.
TDGS in use
The popularity of daylight as a light source in buildings is due to a number of factors related to its enhancement of human well-being. 17 Daylight can deliver light of high illuminance together with a spectral composition that ensures favourable perception of colour. It can also provide meaningful spatial and temporal variation in illuminance providing interior conditions that are bright, visually interesting and dynamic. Daylight providers such as windows also provide contact with the exterior and can, by influencing physiological responses such as the regulation of diurnal cycle of body activity, improve health conditions in working environments.
Assessments have been made of the relative whole-life costs of different methods of providing light to building interiors. 18 These suggest that windows and conventional rooflights are capable of delivering comparable quantities of daylight at approximately 20% of the cost of a TDGS system. TDGS, however, have the capacity to deliver daylight into areas of deep-plan buildings which windows and roof-lights cannot, and thus the various systems do not represent design alternatives for many applications. Wholelife costs of electric lighting systems are also estimated to be of the order of 50% of a TDGS providing similar illuminance levels.
The largest market sector for TDGS is user-owned domestic buildings where, typically, a single guide lights a living or ancillary space. Although little formal research has been undertaken into these applications, there is a considerable amount of anecdotal evidence that user satisfaction is very high across this sector and that the devices are recognised as providing daylight together with some or all of its benefits. Also the output devices are widely regarded as having a decorative function.
TDGS are now extensively used in deepplan office, light industry and health care buildings where they contribute to the lighting of the working environment. A study of quantity and quality of daylight delivered by TDGS in large open plan offices in the UK suggested that the light delivered by the guides was recognised by users as daylight. 19 The daylight contribution was of the order of 25% of total workstation illuminance giving DPFs of between 0.5% and 1.3%. Although users thought TDGS were inferior to windows in delivery of both quantity and quality of daylight, there was evidence that user satisfaction improved with increased daylight penetration via the guides. It was suggested that a DPF approaching 2% may provide a 'well day-lit space' which could influence user well-being and, possibly, productivity. Rectangular grid layouts of the output devices gave little opportunity to exploit the potential of daylight to provide spatial illuminance diversity and thus should be avoided if illuminance diversity is a design intention. However, there was evidence that users were able to recognise diurnal variations of daylight via the guides. Installations in buildings with or without windows differed significantly in terms of perceived dissatisfaction with similar amounts of daylight and, understandably, external views. The use of small conventional vertical windows to supplement guided daylight produced high levels of user satisfaction with external view, detection of weather and diurnal illuminance variation. Guided daylight systems using commercially available output devices had few user complaints about glare.
Since the majority of office costs are staff salaries (up to 85%), and in comparison other costs (notably energy) are tiny, small increases in staff productivity are equivalent to large savings in energy. Recent work has demonstrated for the first time the link between lighting conditions and feelings of health and well-being. 20 It showed that people who perceived their office lighting as being of higher quality rated the space as more attractive, reported a more pleasant mood and showed greater well-being at the end of a working day. Also, lighting conditions that improved visibility improved task performance -a large step in the process of demonstrating that better quality lighting can enhance productivity. Work studying the costs and benefits of TDGS-equipped offices concluded that individual productivity gains of the order of 1% may be made, which in monetary terms exceeded potential energy savings. 21 Summary #4: TDGS are a more expensive method of delivering daylight to building interiors than windows and conventional roof-lights but have the capacity to deliver daylight into areas of deep-plan buildings which the latter cannot. TDGS are of the order of 50% more expensive than electric systems which deliver similar levels of illuminance. The largest market sector for TDGS is user-owned domestic buildings, and there is anecdotal evidence of high user satisfaction in this sector. TDGS are now used extensively in working environments such as offices, light industry and health care buildings, and research has shown that the light delivered by the guides was recognised by users as daylight. There was evidence that user satisfaction improved with increased daylight delivery via the guides. A DPF approaching 2% is suggested as providing a 'well day-lit space' which could favourably influence user wellbeing and productivity. The use of small conventional vertical windows to supplement TDGS produced high levels of user satisfaction with external view, detection of weather and diurnal illuminance variation.
Design of TDGS
This section describes promulgated methods of illuminance distribution prediction within rooms in a building lit by a TDGS. This can be done using 'first principles' illuminating engineering calculation processes using suitable and accurate photometric data for each component but, as pointed out in the previous section, this data may be unavailable. For example, point by point calculation using the cosine law of illuminance has been successfully used when it is.
A number of pragmatic methods have been developed for routine design using currently available data. Selection of a particular method depends on the data available to the designer and the desired accuracy.
Approximate methods
Two methods of approximate design are described in CIE Report 173. 16 In the first, which is suitable for domestic guide installations, sizing depends on three factors; the space to be lit (a windowless hallway will require less guide area than a bathroom, per square metre of floor area); the local daylight resource (using general data for latitudes north or south of 458) and finally the length of the tube may be considered (although this is ignored if the tube is straight and lined with 99.6% reflection factor materials). The method is based on tabulated data which gives, for a broad range of types of space and geographic location, the number of guides of a particular diameter required to give 'acceptable' conditions. As a 'rule of thumb', it is suggested that the total guide cross section area should be in the range of 1%-3% of ceiling area.
The second CIE method of approximate design gives an estimate of the average illuminance in a room lit by a TDGS. The first step is to estimate the outdoor global illuminance appropriate to the location. This value is multiplied by both the total cross section area of the guide(s) and the guide component efficiency values (similar to Table 1 ) to give a luminous flux output. This, in turn, can be divided by the illuminated area to give an approximate planar illuminance. With the addition of details of the output devices, this data can be used either as input to general purpose lighting software (such as Dialux 22 ) by effectively treating the output device as a luminaire, or for a utilisation factor calculation.
For commercial or industrial applications where regular arrays of guides are used, a spacing criteria can be used with the aim of giving a uniform distribution of delivered daylight. This does not assess quantity of delivered daylight. Spacing is a multiple of the mounting height (MH) of the output device above the plane (for example, a desk top for offices or floor for corridors) to be illuminated. Examples of recommended spacing for guides in offices are ! 0.5 MH from walls, and from 1.0 MH to 1.3 MH between output devices within the array. 23 Caution is advised in using spacing as the sole design criteria in partitioned space as this may result in unacceptable shadowing of desk surfaces.
Guide transmission efficiency method 16
This permits evaluation of a wide range of guide configurations, including bends, and is based on the transmission tube efficiency (TTE) of guides (similar to Table 1 ). Tabulated TTE data are provided for six common guide diameters, four values of guide internal reflectance and a wide range of L/D. Information on the transmission efficiency of bends of 308, 608 and 908is provided as optically equivalent aspect ratios. The total aspect ratio of the guide components is used to obtain the TTE from the tabulated data. This TTE is corrected for the transmittance of the collector and output device, and a maintenance factor. Knowing guide area and external global illuminance, the total flux emerging from the output device(s) is calculated. A utilisation factor method is used to analyse the distribution of light. The DPF within the space can also be calculated using this method.
Specialist computer software
Jenkins et al. 14 describe the development and validation of a predictive model for illuminance for a grid of points within an interior lit by guides with diffusing output devices. The method is based on empirical data for flux transmission in guide components and is presented as a spreadsheet calculation. Semi-empirical models for straight light pipes and bends, and a model that uses the cosine law of illuminance to describe the distribution of light from an output device diffuser are given.
An analytical solution to the problem of light transmission through a TDGS device is the basis of HOLIGILM -Hollow Guide Interior Illumination Method. 24, 25 The basis of the method is ray tracing between the diffuser of an output device and the sky vault, including the sun, and acknowledging the light transmission properties of a collecting dome and an output diffuser. The software permits analysis of up to 10 defined straight guides of circular cross section located in a rectangular room. Figure 6 (a) shows an example of the input window which permits the user to define the size and optical properties of the collector and guide surface, and their position on plan within a rectangular space. Sun position may be defined or calculated, and 16 sky conditions may be specified. The calculation is performed for a grid of points located on a desired plane and a number of plotting techniques for this data are available. Figure 6 (b) shows typical output as a work plane illuminance plot.
Laouadi et al. describe the development, validation, and application of an optical model to compute the transmittance of straight and/or bent tubular hollow guides, but not collectors and output devices. The model, which is based on ray-tracing techniques and has been validated by measurement, is used as the basis of the SkyVision program developed by National Research Council Canada (NRCC). 26, 27 This model is being further developed which will permit an upgrade of SkyVision that will be offered via NRCC at some point in the future. 28 Chirarattananon et al. 29 and Samuhatananon et al. 30 describe an algorithm which is also implemented using the raytracing technique to compute the light transmittance of tubular guides with and without bends. This work also excludes collectors and output devices, but no software implementation is offered.
Summary #5: There are a number of methods of illuminance distribution prediction within rooms in a building lit by a TDGS. This can be done using 'first principles' illuminating engineering calculation processes if suitable photometric data for each component is available. Two methods of design are described in CIE Report 173. The first puts forward a method based on a 'rule of thumb' that the total guide cross section area should be in the range of 1% to 3% of ceiling area, and the second estimates guide flux output for use in a utilisation factor calculation. The latter permits evaluation of a wide range of guide configurations, including bends, and is based on tabulated TTE data for guides. Recommended spacing criteria for regular arrays of guides to give a uniform distribution of daylight have also been advanced. Two pieces of specialist software that permit the analysis of daylight delivered to interiors by TDGS of various configurations are publicly available.
TDGS and buildings
It will be noted from the previous sections that the bulk of research effort has been on the optical properties of the guides and their capacity to deliver light into interiors. There has been little work on the relationship of TDGS to the buildings in which they are installed. Because of their nature TDGS present problems for designers which other lighting systems -electric and conventional daylight systems -do not.
Thermal performance
The heat loss via TDGS from the occupied space to the outside depends on length, diameter and insulation properties of the guides, and steady-state heat loss may be estimated using U values. The optical properties of the collectors influence the solar gain factor, used to estimate heat gain via glazing elements. There appears to be no published research specifically on the related issue of condensation inside guides. U values appropriate to TDGS have been investigated using a number of techniques. Computer simulation methods developed for analysis of generic fenestration systems and standard American Society of Heating, Refrigeration, Air-conditioning Engineers (ASHRAE) interior heat transfer coefficients and environmental assumptions have been used. 31 The National Fenestration Rating Council (NFRC) has proposed a physical testing procedure (NFRC 102/201-2010) to measure the thermal characteristics (thermal conductance (U value) and solar heat gain coefficient, but this is not peer reviewed. 32, 33 Laouadi et al. 34 describe the development of a simplified model for all three heat transfer methods within a guide. The model, which was developed to inform a proposed ASHRAE standard, was validated against the NFRC measurements and computational fluid dynamics modelling with good agreement. Table 3 summarises thermal performance values of 350 mm diameter guide of L/D 2.14, with a 3-mm thick acrylic domed collector and, a 3-mm thick polycarbonate diffuser for different insulation conditions. 34 When comparing the thermal performance of daylight guidance devices to that of conventional windows or roof-lights, two factors must be borne in mind. The first is that windows normally have much larger surface areas compared with daylight guidance devices. Second, it is apparent from Table 3 that the thermal performance of daylight guidance elements is of a similar magnitude to that of conventional glazing. U values and solar gain factors for single pane windows and double glazed windows with low emissivity argon filling, for example, are 5.6 and 0.87, and 1.6 and 0.30, respectively. Taken together, these factors suggest that daylight guidance systems generally have a low effect on building thermal balance in a modern building.
Note that some manufacturers offer acrylic collector domes which include ultraviolet radiation filters. Although these will prevent damage to human skin caused by light delivered via a guide, it will also prevent vitamin D production and may inhibit some types of plant growth. Also the mirror materials used to line guides may have dichroic properties in that they transmit visible light whilst absorbing some of the infrared spectrum. Although this may reduce heat gain in the spaces being day-lit, the heat will be retained in the body of the guide.
Fire protection
Regulations with respect to fire protection include restrictions on fire spread over surfaces, fire separation within and between adjoining buildings, and fire and smoke spread within and between buildings. These are usually expressed in codes such as the UK Building Regulations as requirements for compartment elements to have degrees of fire resistance and to prevent passage of smoke. 35 A major requirement is fire compartmentation, and any perforation in an enclosure is a potential weakness of the integrity of the compartment. Although the majority of installed TDGS are installed in single storey buildings in which the guides penetrate the building envelope alone -that is into one compartment -the development of very high reflectance light transport materials means that systems are able to transport useful daylight over longer distances, making their use in multi-storey buildings a practical possibility. Both vertical and horizontal transport components of TDGS may pass through compartment enclosures in multi-storey buildings. 36 Fire-protected ducts are the usual method of vertical routing of services in these types of building. Codes stipulate that these are usually present throughout the whole of a building, passing from compartment to compartment, and must be firestopped whenever they penetrate fire-resisting walls, floors and ceilings. The addition of light guides would necessitate a larger shaft, with potential loss of rentable floor area. Even though light guides are generally sealed and unventilated, fire authorities may consider that they constitute a potential ventilation path in the event of a fire, in which case they would have to be treated as a ventilated duct. Transition from the vertical transport in the shaft to horizontal transport may involve passage of guides through shaft walls, and some means of maintaining fire integrity is necessary. Fire protection of light guides is thus an integral part of compartmentation and there are three basic approaches:
Use of fire dampers. Choke fire dampers are available which consist of an intumescent sleeve around the guide at the point of penetration of the compartment. Under fire conditions, the sleeve material expands and crushes the guide preventing passage of fire.
Protection using fire-resisting enclosures. Where a service duct is provided through which the light guide passes and, if the duct is constructed to the highest standard of fire resistance of the structure which it penetrates, it forms a protected shaft. This approach allows a guide, for example, to pass within a ventilation shaft and to traverse a number of compartments of a building, without requiring further internal divisions along its length. The provision of fire protection is then required only at points where the light guide or ventilation ductwork leaves the confines of the protected shaft using either a fire damper or an optically clear glazing having two hours fire protection.
Protection using fire-resisting cladding. The cladding itself forms a protected shaft. The fire resistance may be achieved by the application of protective material which also doubles up as insulation.
Spread of fire between buildings is controlled by limiting the area of unprotected building envelope glazing aperture. The optical efficiency of TDGS compared with conventional roof-lights can have a beneficial effect of limiting unprotected roof aperture. In terms of internal surface spread of flame, TDGS present no greater risk than electric lighting luminaires being made of similar materials.
Other considerations
Light collection devices require good detailing to prevent water ingress but present few structural problems due to their negligible weight . Light transport and distribution elements present no more structural problems than, respectively, ventilation ductwork or luminaires. Guides are of negligible dead load but must be routed so as not to conflict with structural elements such as beams. 36 The layout of output devices must be coordinated with that of the electric luminaires. 2 Although the design methods described earlier do include maintenance factors, there LRT Digest 2 385 has been little work on the physical maintenance required by TDGS. The main source of this information is CIE 173 which sets out general maintenance considerations and a schedule of cleaning methods. 16 Summary #6: There has been research on heat loss and gain via TDGS. Heat loss depends on length, diameter and insulation properties of the guides, and steady-state heat loss may be estimated using published U values. The published solar gain factor is used to estimate heat gain via TDGS. Generally, thermal performance of a building equipped with TDGS compares well with that of a similar building with conventional windows or roof-lights. This is because TDGS normally have much smaller external surface areas compared with other daylight devices, but their thermal performance is broadly similar. TDGS potentially offer paths for spread of fire within buildings. A number of design techniques and devices, such as fire stopping and fireproof ducts, may be used to prevent the spread of fire between building compartments via TDGS. Buildings equipped with TDGS present no greater risk of surface spread of flame or propagation of fire between buildings than buildings equipped with conventional lighting systems.
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